Abstract Semi-isostatic densification is a useful method to increase the density and to improve the mechanical properties of fast-grown softwood species like radiata pine. A major disadvantage of this method is the almost complete recovery of the original dimensions when densified wood is exposed to moisture. Heat treatment improves the dimensional stability of wood and might be a useful method to prevent this shape-recovery after densification. However, no or only a limited effect on the shape-recovery was found when densified radiata pine was exposed to moisture.
Introduction
Radiata pine is a fast grown softwood species with a worldwide production in commercial forestry plantations (about 25 million hectares). It is characterized by wide growth rings (1-2 cm), a relatively low density (400-500 kg/m 3 ) and it contains a high percentage of juvenile wood since it is harvested at an age of less than 25 years. Several modification methods, such as chemical and compressive treatments, have been developed to increase the density of softwood species like radiata pine in order to improve the mechanical properties (strength and stiffness).
Impregnating the void volume of wood with bulking chemicals (e.g. monomers, polymers, resins, waxes) is a method which has been developed since the 1960s (Stamm 1964; Meyer 1984) . Another method to increase the density of wood is compression in the transverse directions (Kollmann et al. 1975) . A major disadvantage of this method is the recovery of the original dimensions when densified wood is exposed to moisture (swelling). This swelling is mainly due to cell wall bulking and especially cell-shape recovery (Blomberg et al. 2006) . Heat treatment appears to have a positive effect on the dimensional stability of densified wood as described in several studies (Hsu et al. 1988; Inoue et al 1993 Inoue et al , 1996 Dwianto et al. 1996; Ito et al. 1998; Navi and Girardet 2000; Rowell et al. 2002; Wolcott and Shutler 2003; Heger et al. 2004; Kamke 2006) . This study was performed to investigate the effect of a two-stage heat treatment method under relatively mild conditions (<2008C) on the recovery of densified radiata pine when exposed to moisture. Originally, this method was developed to improve the durability and dimensional stability of fast-grown and non-durable wood species (Boonstra et al. , 2006a .
Experimental

Materials
Radiata pine boards (Pinus radiata D. Don.) were used for heat treatment and densification. Cross sections of the boards had a thickness of 30 mm and a width of 150 mm. The length of the boards was approximately 3.0 m. The boards were tangentially sawn. The moisture content of the boards was approximately 14-16% prior to treatment.
Heat treatment and densification
The heat treatment was performed in two separate heat treatment stages and a drying stage in between. In the first stage of the heat treatment, the timber was treated in an aqueous environment at superatmospheric pressure (0.8 MPa), a so called hydro-thermolysis treatment. This was done in a 600 l pilot plant at a treatment temperature of 165 or 1858C (30 min effective treatment time). The specimens were then dried in a 1 m 3 (net) kiln, using a conventional drying process at 50-608C. After drying, the wood specimens were heat treated again for the second stage, now under dry and atmospheric pressure conditions, a so called ''curing'' treatment (1808C, 6 h) . During this stage superheated steam or nitrogen gas was used as a sheltering gas to exclude oxygen. The curing stage was performed in a special curing kiln or in a press (with dimensions of approximately 1 · 2 m 2 ). In the last case the length of the boards was reduced to 2 m before curing and six boards were treated in one curing charge. A static pressure of 10 MPa was applied during curing to compress the boards and the treatment temperature varied between 160 and 1908C (4 h). These boards were not used for semi-isostatically densification.
Untreated, hydro-thermolysed and fully treated radiata pine boards were used for semi-isostatic densification (in duplicate). Untreated and treated boards with a thickness of 25 mm, a width of 140 mm and a length of approximately 1.5 m were prepared (planed) before densification. The moisture content of the untreated, hydro-thermolysed and fully treated radiata pine boards was respectively 8.3, 8.5 and 7.0% before densification. The treated and untreated boards were semiisostatically compressed (at 208C) according to the CaLignum process (Lindhe and Castwall 1997) in a Quintus press to a pressure of approximately 140 MPa, which was reached after 2 min. The pressure is mediated through a rubber membrane backed with oil. This enables weaker (low density) wood to be more compressed than harder structures (high density) such as knots. After the pressing period, the pressure was immediately released to atmospheric pressure. The boards were placed in the Quintus press with their pith sides towards the press table.
After densification, the hydro-thermolysed radiata pine boards were heat-treated again in a kiln according to the curing process as described above.
Property testing
Before and after densification the dimensions of the treated and untreated boards were measured using a sliding calliper (accuracy 0.03 mm, repeatability 0.01 mm). After densification the thickness was measured at three positions: on the left side (H 1 ), on the right side (H 2 ) and in the middle (H 3 ) of the test boards. Furthermore, the maximum (H max ) and minimum (H min ) thickness of the densified test boards were measured. The width was measured on the topside (W 1 ) and bottom side (W 2 ) of the test boards.
Densified specimens (cross section 10 · 10 mm 2 ; length 30 mm) were prepared ( Fig. 1 ) and used to determine the swelling by measuring the dimensions of the specimens before and after soaking in water (208C) for 24 h. A drop of soap was added to the water to avoid the influence of surface tension. After soaking, the densified specimens were oven dried for 24 h at 102 ± 28C and the dimensions were again measured. The specimens were weighed under each test condition. Three replicates per board were used for this test. Densified specimen (thickness 10 mm, width 30 mm, length 30 mm) were prepared ( Fig. 1 ) and conditioned at 65% relative humidity (RH) for hygroscopicity testing. The specimens were then conditioned at 95% RH (above a saturated potassium nitrate solution at 208C) or at 98% RH (above water at 208C) until equilibrium moisture content (EMC) was reached. Subsequently, the specimens were oven dried (24 h at 102 ± 28C). Dimensions and weight of the specimens were measured before and after hygroscopicity testing. Three replicates per board were used for this test.
The Brinell hardness of densified specimens was determined according to EN 1534 (2000) using an indenting ball with a diameter of 10 mm that was forced to the tangential surface (1 kN) for 30 s. The indentation was measured by image processing on a picture with a magnification of 30·. The diameter of the indentation was measured in four directions and the mean diameter was used to calculate the Brinell hardness.
Results
Densification of heat-treated radiata pine boards revealed small surface cracks parallel to the grain. Densification of knots in the fibre direction revealed more resistance and some raised areas of the wood surface around knots were noticed. During planing these raisings were removed without difficulty. However, very hard densified knots could damage the knives of planing machines and/or make them blunt more easily giving marks (e.g. stripes) on the wood surface. Knives made of flexible metal are therefore recommended instead of hard steel.
The dimensions of the specimens after densification are shown in Table 1 . The thickness of the boards was clearly decreased (47-56%) whereas the width was slightly increased (4-7%). This resulted in a reduction of the total volume by 45 to 55% and the density increased by 82 to 123% after densification (Table 2) .
Water absorption, moisture content, swelling and shrinkage (tangential, radial, longitudinal and volumetric) of densified specimens during water soaking and EMC test are shown in Tables 3, 4, respectively. During the soaking test, water absorption of 88 and 99% was found for untreated and treated radiata pine, respectively. This is far above the fibre saturation point which means occurrence of free water in the cell lumina. Swelling of densified specimens in radial direction was 49 and 57% for untreated and treated radiata pine, respectively, indicating shape-recovery. Swelling of densified radiata pine specimens after conditioning at 95% relative humidity (RH) was also rather high, although at a lower degree than after the water-soaking test (Table 4 ). The swelling of the radiata pine specimens which were densified before the curing stage appeared to be lower than for the untreated specimens and the specimens densified after the curing stage (Tables 3, 4) . The best results (=lowest swelling) were obtained with radiata pine specimens which were compressed during the curing stage (Table 5) , although a swelling of In order to get an impression of the hygroscopicity and dimensional stability of non-densified radiata pine, the shrinkage (from saturated to oven dry) and EMC (at 65 and 98% RH) of treated and untreated radiata pine are shown in Table 6 . The specimens showed a clear reduction of the shrinkage (radial and tangential) and EMC (especially at 98% RH) after heat treatment indicating an improvement of the dimensional stability.
Oven drying of the saturated specimens resulted in shrinkage in radial direction which was much higher for densified specimens than for non-densified specimens (Tables 3, 6 ). The shrinkage of heat-treated densified radiata pine was higher than for untreated densified wood (Tables 3, 4 ). The radiata pine specimens densified before the curing stage revealed the highest shrinkage.
The Brinell hardness of untreated radiata pine was increased by 271% after densification (Table 7) . Heat treatment appeared to affect the Brinell hardness of densified radiata pine since it is lower than for the untreated wood. However, because the density of heat-treated radiata pine is lower after densification, a lower Brinell hardness was expected. Highest Brinell hardness was found for hydrothermolysed radiata pine, but these specimens also showed the highest density (Table 7) . 
Discussion
Resistance against densification depends on the compressive strength in the transverse direction. A semi-isostatic pressure of 140 MPa was apparently high enough to compress the radiata pine boards and to obtain a significant increase of the density (about 100%). Since the effect of heat treatment on the compressive strength perpendicular to the grain is rather limited, no or only a limited effect on densification was expected (Boonstra et al. 2007) . The difference between fully treated and untreated radiata pine was indeed rather small, although treated wood appeared to be more compressed than untreated wood (Table 2) . Remarkable is the densification of hydro-thermolysed radiata pine which resulted in a higher volume loss and subsequently in a larger increase of the density than for untreated or fully treated wood. This can be due to differences in compression during densification and/or differences in elastic springback (immediate/delayed) after densification. There are several chemical and physical factors which could affect densification (compression and/or springback) of heat-treated wood. According to Blomberg et al. (2006) semi-isostatic densification results in a compression of the tracheids which were flattened and irregularly shaped, and deformation of the rays into a curly and tilted shape. They have also noticed shearing and cracking of the cell walls, especially in the first formed earlywood. The effect of heat treatment on the anatomical structure of wood is rather limited (Boonstra et al. 2006b ). Heat treatment of radiata pine appears to cause some damage to parenchyma cells in the rays and epithelial cells around resin canals. Rays contribute to the compressive strength in radial direction (Kennedy 1968; Ellis and Steiner 2002) and damages of the rays might improve this compression since less resistance of the rays during pressing is expected.
Chemical changes of the main wood components (cellulose, hemicelluloses and lignin) during heat treatment could also have an effect on the densification of heattreated wood , Tjeerdsma and Militz 2005 , Boonstra and Tjeerdsma 2006 . Although, the strength properties of the cell wall are closely related to the occurrence of cellulose fibrils and microfibrils, the hemicelluloseslignin matrix is also thought to play an important role in wood strength properties (Winandy and Rowell 1984; LeVan et al. 1990; Sweet and Winandy 1999; Winandy and Lebow 2001; Boonstra et al. 2007 ). Degradation and/or modification of hemicelluloses which mainly occurs during the hydro-thermolysis stage might have a negative effect on the compressive strength of wood. Another phenomenon which occurs during the hydro-thermolysis stage is softening of the cell wall due to plastification of the main wood components, especially lignin and the remaining hemicelluloses (Goring 1963; Rozsa 1978, 1985; Shiraishi 2001) . Softening of the cell wall is probably still noticeable after the hydro-thermolysis stage facilitating the compression of the cells during densification. However, it is expected that this plastification effect should be higher when the boards were heated during pressing. The curing treatment stage, which is characterized by an increase of the relative proportion of crystalline cellulose and an increased cross linking of the lignin polymer network, changes the properties of the cell wall making it more brittle and less susceptible to elastic deformation. This provides a positive contribution to the compressive strength of the cell wall restricting compression of the cells during densification. This might explain the lower degree of compression of fully treated radiata pine compared to hydro-thermolysis treated wood (Table 2) . Although, heat treatment of non-densified radiata pine resulted in a reduction of the shrinkage and swelling behaviour (Table 6) , it did not provide a fixation effect for densified wood (Fig. 2) . The swelling of heat-treated densified radiata pine during the water-soaking test is even higher than for untreated densified radiata pine (Table 3 ). This could be due to the higher degree of compression of fully treated radiata pine compared to untreated wood ( Table 2 ). The same tendency was noticed in the EMC test. Although, the swelling of densified wood after conditioning at a relative humidity of 95% was slightly lower than after the soaking test, a clear shape-recovery was visible with untreated radiata pine performing better than fully treated radiata pine (Table 4) . A hydro-thermolysis treatment is therefore not advisable as post-treatment of densified wood, since this treatment stage is performed in a saturated environment and shape-recovery is then expected. Densification before the curing treatment stage of radiata pine appeared to have some effect on the shape-recovery. The swelling of the specimens after water soaking or conditioning at 95% RH is lower than for untreated densified radiata pine. This was remarkable because both the degree of compression and density of the specimens were higher than for the untreated wood, but this did not result in a higher shape-recovery. However, there is no question that shape-recovery still occurred when the densified specimens were exposed to moisture.
It was expected that a better fixation could be obtained when the curing and pressing stage were combined (heat treatment during pressing). Plastizication of the remaining hemicelluloses and/or the lignin polymer network, and condensation reactions within the lignin polymer network might result in a fixation of the cell wall to a more permanent structure which is less susceptible to moisture. However, a combination of curing and compression (at 10 MPa) did not prevent recovery of the dimensions since a significant swelling still occurred when the specimens were exposed to moisture (Table 5) . Increasing the curing temperature to 1908C did reduce the swelling of the densified radiata pine specimens but a significant recovery of the dimensions still occurred.
Application of a higher pressure during densification might result in an increased cracking of the cell wall limiting or preventing swelling of the cell wall when exposed to moisture. This, however, might also disturb the cohesion between cells affecting the mechanical properties (Blomberg et al. 2005) .
Remarkable is the shrinkage of densified specimen from saturated (swollen) to oven dry conditions which is significantly higher than for non-densified wood indicating a (partly) recovery of the cell-shape of densified wood (Fig. 2) . Heat treatment appeared to have an effect on this recovery since the shrinkage of treated densified wood is higher than for untreated wood. The specimens which were compressed before the curing stage showed the highest shrinkage. This observation is again an indication that heat treatment affects the densification of wood, but it is not completely clear how it affects densification.
Conclusion
Semi-isostatic densification is a useful method to increase the density and to improve the mechanical properties of fast-grown softwood species like radiata pine. Although heat treatment improves the dimensional stability of wood, no or only a limited effect was found on the recovery of the dimensions when densified radiata pine was exposed to moisture.
